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Multiply By To obtain

Millimeters (mm 0.0393 inch

Centimeter (cm) 0.393 inch

Square centimeters (&)n 0.154 square inches

Meter (m) 3.281 foot (ft)

Gram (g) 0.35 ounce (avoirdupois)

Gram per cubic centimeter (g/é)n 1 metric ton per cubic meter (tﬂ)n

Liter (L) 0.264 gallon

Square kilometer (kﬁ) 0.3861 square mile (r?r)i

Cubic feet per second ?ﬂs) 0.0283 cubic meters per seconc?/em

Millibecquerels (mBq) 16.67 disintegrations per minute (dpm)

Millibecquerels (mBq) 37 picocuries (pCi)

Meters per kilometer (m/km) 10 percent slope

Centimeters per year (cm/yr) 100 centimeters per century

Metric ton per day (t/d) 1,000 kilograms

Radioactivity is reported in millibecquerels (mBq). A becquerel is one radioactive disintegration (decay) per secondifities. Act
are expressed on a dry-mass basis—millibecquerels per gram of dry sediment or soil (mBg/g). Inventories of radioisotopes are
expressed as the amount of isotope caethin a vertical soil profile under a 1 tarea, in millibecquerels per square centimeter

(mBg/c

nf).



Analysis of Suspended-Sediment
Concentrations and Radioisotope Levels in
the Wild Rice River Basin, Northwestern
Minnesota, 1973-98

By M.E. Brigham, C.J. McCullough, and P. Wilkinson
ABSTRACT

We examined historical suspended-sediment data and activities of fallout radioisotopes (I@éHDD],O:Esium-B?lwas], and
beryllium-7 ['Be]) associated with suspended sediments and source-area sediments (cultivated soils, bank material, and reference «
in the Wild Rice River Basin, a tributary to the Red River efftorth, to better understand sources of suspended sedinséneaims
in the region. Multiple linear regression analysis of suspesddiitnent concentrations from the Wild Rice River at Twin Val&in-
nesota indicated significant relations between suspended-sediomeeintrations and streamflolow-adjusted sediment conceat
tions tended to be slightly higher in spring than summer-autumn. No temporal trends in concentration were observed d@8ng 1973
The fallout radioisotopes were neaalyays detectable in suspended sediments during spring-summer 1998 feeand Be activ-
ities in suspended sediment and surficial, cultivated soils were similar, perhaps indicating little dilution of suspendetifemdiiow-
isotopic-activity bank sediments. In contrast, meafCs activities in suspended sediment indicated a mixture of sediment originating
from eroded soils and from eroded bank matewith bank material bema somewhat more important source upstream of Twieyal
Minnesota; and approximately equal fractiofibank material and surficial soilsrdabuting to the suspended load downstrearden-
drum, Minnesota. This study indicates that, to be effectiteiteto reduce sediment loading to the Wild Rice River shimaldde
measures to control soil erosion from cultivated fields.

INTRODUCTION that sediment sources in streams in such settings are comprised of
sediment that originates both fraroded soil and from erosion of
Soil erosion and sediment loadito streams are concerns in stream-bank sediments (Colby, 1963). The relative amounts from
the Red River of the North Basin (RRB) in Minnesota, North  these two sources in a given stream is seldom known. It is impor-
Dakota, South Dakota, and Manitoba, Canada. Soil erosion magnt for natural resource managers to gain a better understanding
reduce cropland fertility. Agricultural drainage ditches fill with  of sediment sources, so that mgeaent efforts can be targeted
eroded sediment over time, and require costly ditch maintenanceccordingly.
High suspended-sediment contrations can also adversely o .
affect aquatic ecosystems (Waters, 1995). Water utilities that use 1N Study objectives were to: (1) analyze suspended-sedi-
water from the Red River of the North (Red River) as a source dpeqt concentrf'itlons at-stream sites within the Wild _Rlce River
drinking water must spend more to treat water that has high sedsasin for possible relations to streamflow, seasonality, and long-
ment concentrations. Lake Wineig, in Manitoba, receives most term trends, and calculate sediment loads; (2) determine the rela-
of its tributary sediment loading from the Red River. Eutrophicalive importance of soil erosion versus streambank erosion as
tion in southern Lake Winnipeg due to sediment and nutrients potential sources of sediment to the Wild Rice River, based on
(some portions of which are originally sediment-bound) is a conactivities of the fallout radioisotopes lead-28%b), cesium-
cem. To better understand the dominant sources of sediment—37 *’Cs), and, secondarily, beryllium-7Be) in suspended
channel processes or upland soil erosion—to streams in the RRBediments in transport and in potential sources; and (3) determine
the U.S. Geological Survey (USEin cooperation with the Leg- 9ross erosion rates from upland source areas using radioisotope
islative Commission on Minnesota Resources studied soils andanalysis of soil cores from cultivated and undisturbed settings.
suspended sediments of the tributary Wild Rice River Basin of This report describes results related to objectives (1) and (2).

northwestern Minnesota. Obijective (3), an analysis of soil-core isotopic inventories mea-
) ) ) ) ) sured to determine historical upland erosion rates, is being
The RRB is set in glaciakke-bed, glaciofluvial, and addressed separately (C.J. McCullough,U.S. Geological Survey,

morainal topography. Nearly af the streams flow through gla- \\ritten commun., 2001).

cial deposits or glacial lake-beddimentary deposits, and exhibit

channel meanders, cut banks, and point bars, and often fairly tur- This report summarizes suspled-sediment concentration
bid waters. Much of the RRB—particularly in the Red River Val-data collected during 1973-98. Radioisotope samples were col-
ley—is cultivated cropland, and soil erosion from cropland also lected during 1998. Sampling for isotopic activities was targeted
contributes to the sediment loadsimeams. It is widely accepted toward runoff events, with minimal sampling during base flow.



Environmental setting 3.3-4.5 m (10-15 ft); and in the headwa- Sask., Canada) loaned equipment that was
] ) ) ) ters (eastern Mahnomen County), bank critical to the study. We thank James Fal-
2The Wild Rice River Basin (4,170 pgjghts are about 0.9-1.2 m (3—4 ft) (esti- lon (U.S. Geological Survey), and Sharon
km?) drains parts of three ecoregions mates from Curtis Borchert, Norman Fitzgerald (U.S. Geological Survey) for
(?hmem'lkggg?(?a”f)nt'_rlh%ﬁ' S(;onetr and  county Soil and Water Conservation Dis- helpful reviews of this report.
others, 9. 1). The headwalers ar€yrct oral commun., 2001). Separate esti-
in the Northern Lakes and Forests ecore- mates of typical bank heig;hts aF:e: 1.8-3.6 ANALYSIS OF HISTORICAL
gion, which is predominantly forested m (6-12 ft) near Ada, with some 3.6-4.4 SUSPENDED-SEDIMENT
land with lakes and minimal agriculture ., hanks (1214 ft); and maximum bank DATA
(mostly grazing). Stream slopes inthis  pajghts of 12 m (40 ft) near Twin Valley

ecoregion average 0.95 m/km (Stoner and 3¢y Bents, Houston Engineering, Fargo, Suspended-sediment data
others, 1993). Farther west, the middle N pak. oral commun. 2001). Lastly

reaches span the North Central Hardwoodynica| hank heights were estimated at i CRC’)'ngdetr?I'bI? ?/atl? eX'Stt fo(;;ggzvggg
quest ecoregion, yvhere the land COveris 1 g 36 m (6-12 ft) downstream of Twin ], 'Cf 'Vgr'? win Valley (si € n 1970,,
mixed forest, grazing, cropla_nd, Wlth Valley; about 2.4 m (8 ft) upstream of g a)._ L{t”?gdsqlme yg_afs l? e I S,
some lakes. Stream slopes in this ecore- ,in Valley: and 1.2-1.8 m (4-6 ft) far- apprOXIrIrlla ‘ta)(/j dal y sedimen S:[amp es _
gion are 0.5—1_.7 m/km. quer reaches of o, upstream, in Mahnomen County :Neref collec f U“Ing open Welll ertszé_lS(:E,
the basin are in the Red River Valley (Henry Van Offelen, Minnesota Depart- egds j-rggg,en FsamE_ets vyerle cod.ec et (Ijn ¢ ©
ecoregion, where about 80 percent of the 1o of Natural Resources, oral commun., -« -tf thS. W?I\(/jv RI-S Or;{C-a set||Tend aa
land is cult|vateo_l. This ecoregion is the 2001). From these estimates, a typical eX'tS OCS)EJBA?OOOI ; 'Cie . It\f/16r af en fuml
lake bed of GI_aC|aI Lake AgaSS|z_, and has height of eroded cut banks along the Wild I(Sl ;3 o acldit ,I 19. a)l, etr?hQre,_tWG ;0(;
very low-gradient land surface with pre-  gica River is about 4 m, possibly as low as ;.. oot ||onabsarr]nr? esa | 'S Sdl e >ed-
dominantly silt and clay soils. Numerous »_3 1 according to some estimates. Iment samples, both historical and recent,

beach ridges from glacial Lake Agassiz, ) o ) were collected and analyzed by traditional
and a highly branched tributary system  Hydrologic conditions during ~ USGS methods (Guy, 1969; Guy and Nor-

(fig. 1b) punctuate the transitional zone 1998 sampling man, 1970; Tornes and others, 1997).
between North Central Hardwood Forest , Sediment-concentration data were
and Red River Va”ey ecoregions_ In the A very early snowmelt occurred in retrieved from the USGS Watel’—quallty

Red River Valley ecoregion, an extensive 1998. Large spring storms and runoff  data base (QWDATA) and from paper
network of drainage ditches (fig. 1b) aug- Ve followed by dry conditions from mid files. Many historical data exist in the
ments natural drainage to more quickly ' 1ate summer. May 1998 was unusually USGS daily-values data base (ADAPS);

remove excess water from cultivated rainy, resulting in considerable runoff.  however, daily data are typically
fields. May rainfall occurred prior to significant  smoothed to produce daily-average
crop cover—any leaf growth that had records, and rounded, removing some lab-

Soils the Wild Rice River Basin are
frozen in winter months, and probably
have limited erodability during spring-
snowmelt runoff, when the soils begin to
thaw. Also, in early spring, soils have
probably settled from fall tillage. Soils are
potentially most erodible during late

spring, after thawing, but before signifi- Glenn Skuta and Nolan Baratono
cant crop cover exists. Soils are less erOd'(Minnesota Pollution Control Agency)
ible during summer due to crop cover and peped initiate this study. The following
during autumn because less precipitation ngividuals offered helpful advice during :
typically falls than during spring. the planning of the study: Desmond Wall- Relation to streamflow,
Erodible cut banks are prevalentin  ing (University of Exeter, United King- season, and time
the basin. The following are estimates of dom); Jerry Ritchie (U.S. Department of
bank heights at cut bank areas along the Agriculture); Edward Nater and Jay Bell Background
Wild Rice River: along lower reaches of (University of Minnesota); Daniel Eng- Suspended-sediment concentrations
the river (from about 13 km [8 miles] east strom and Shawn Schottler (St. Croix are often related to streamflow. Higher
of Ada, Minn. to the confluence with Red Watershed Experiment Station, Science stream velocities, which correspond to
River), bank heights are about 0.9-1.2 m Museum of Minnesota); and Waite higher streamflows, are potentially more
(3—4 ft); farther upstream (about 9.6 km [8 Osterkamp and Greg Payne (U.S. Geolog-erosive and can carry greater sediment
miles] east of Ada to east of Twin Valley, ical Survey). Fred Wrona, Carol Casey, loads than slower-moving water. Also,
Minn.), bank heights are about 7.5-12 m and Bruce Holiday (National Hydrology  soil erosion contributes sediment to over-
(25-40 ft); farther upstream (western Research Institute, Saskatoon, Sask., Canland runoff, and higher streamflows result
Mahnomen County), bank heights are ada; and Environment Canada, Regina, from overland runoff compared to base

started was insufficient to shelter soils oratory precision. Thus, raw data
from raindrop impact—thus, soils were  extracted from paper files were preferred
highly susceptible to erosion. Heavy rains for statistical analyses performed herein.
in early July fell on more settled soils and The large historical data set for Twin Val-
established crops. ley includes samples collected by several
Acknowled gments slightly different methods (single-vertical,
multiple-vertical, equlawidth-increment),
and different samplipequipment. Data
were analyzed without regard to specific
sampling methods or equipment.
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flow. Often, both streamflow and sus- base flows of winter months, and possibly The trigonometric functions (sine and
pended-sediment data for a site are during mid-summer, when crop vegetation cosine) of time account for the seasonal
approximately log-normally distributed.  minimizes the erosive effects of direct component of variability in sediment con-
Thus, log-transformed concentration and impact of raindrops. Hence, seasonality is centrations. Significant temporal trends
streamflow data are typically used in data considered in data analysis. are indicated if the time term (t) is signifi-
analysis. Long-term trends in sediment con- cant (that is, if the coefficientdiffers sig-

Often, the sediment concentrations ~ centrations could be caused by large-scalenificantly (@c;i = 0.05) from zero).
exhibit hysteresis with respect to stream- changes in tillage practices; changes in _Resfualls fromza S'dm(g]lgr model, thEIUd'
flow—concentrations are higher during  rainfall-runoff relations due to changes in ngthet(ogOQZj ar:_ _ tﬁrms_’ exnib-
periods of rising stage, and lower during 'and use; and construction of dams that "€ e;]erosce 'asl icity (c Ianglhghva“ance
periods of falling stage during a single ~ Would tend to trap sediments. Therefore, OVl the rangr]]e mf q.ng Vg l:jesé t IeS(_a
runoff event. Colby (1963, p. A23) notes time is included in data analysis to assess'e™ms were thereloiaciuded. Exclusion
that: “Peak concentration of fine material 10ng-term (multi-year or decadal) trends. 0fthe d'term resulted in overprediction

. ) ) . of loads at the highest load values, thus
early in the runoff is consistent with the Regression model and results of g

idea that | i ic| he bedi , : overestimating annual loads for two high-
dea that loose soll particles at the begin- gediment analysis flow years for which nearly daily sediment
ning of a storm will be eroded by the first

direct runoff of appreciable amount.” Data from 913 suspended-sediment Sa@mples were collected (1978-79).

Typically in the Wild Rice River, multiple = S@mples from the Wild Rice River at Twin An attempt to account for hysteresis,
samples were not collected over single Valley were analyzed in detail (maximum by comparing suspended-sediment con-
runoff events, so there are insufficient data ©f Oné sample per day). Only 35 values. centrations to the change in gage height
to determine hysteresis effects in the wild €Xist for the Wild Rice River at Hendrum: o2 tour-hour period prior to sampling,

Rice River. therefore dtetall;ad ele?ratgr)t/ dfata atr;]alil- produced no significant relation. Thus, no
SIS was nhot performed for data from thatl o ., 14 account for hysteresis was

Seasonality in sediment data could be station. Instead, it was assumed that the . X : .
related to several physical factors: crop-  form of the regression model developed included in the regression equation.
ping practices, wind erosion, water ero-  for the Twin Valley station (discussed The streamflow component of equa-
sion, and frozen soils during winter. Inthe pelow) was suitable for the Hendrum sta- tion 1 (plotted as the smooth line in fig. 2a)
RRB, typical cropland practice is: plantin tion. Because of the limited data for the fits log-transformed sediment concentra-
the spring (winter wheat is planted in the Hendrum station, model validity cannot  tions reasonably well, although there is

fall), and harvest and till soil in the fall.  adequately be assessed, and load estimatesonsiderable variability in the sediment
Bare soil, susceptible to both wind and  from that site are concomitantly less cer- data. There is a significant, but small sea-
water erosion, covers large areas from fall tajn. sonal influence on suspended-sediment
until the next season’s crops grow. Fall Trends in suspended-sediment con- concentrations: flow-adjusted values

;%nﬁgrffhnsd \t/Si tzef:xirgg\?; gﬁgg?mssea' centration with respect to streamflow, sea- [residuals from reg;ession Qf lpgh ver-

Freezing and Snow cover minimize. but do S0 214 time were analyzed with multiple sus logQ, (log;Q)*, and @ are great-
N9 : . ' linear regression analysis, using the REG est in the spring and early summer, and are

not eliminate, erosion during the winter. procedure of SAS software (version 8, least during late-summer through autumn

High winds erode snow and topsoil, which ¢ oy te, Cary, N.C.). The regression (fig. 2b).

tend to be deposited in ditches and vege- : ;
) . model is expressed by the following equa-
tated areas. A portion of winter-eroded tion: P y 9eq To analyze for temporal trends, data

soil, particularly that deposited in ditches, ) were trimmed to a maximum of one sam-
may be readily transported to streams. 0 |5091o$ =a+blog;Q +c(l0g10Q)" +  ple per week (by selecting the first sample
Wind erosion of soils may be more acute dQ" >+ esine(2t) + fcosine(2t) +gt + € in a one-week period), resulting in 220
during spring months, particularly dry (1)samples used in the analysis. This was
springs, than in winter because frozen done for two primary reasons: (1) the

. ) . where loggis the base-10 logarithm :
soils are less erodible and runoff is uncom-g do g sampling frequency was much greater

mon during most winters in the RRB. cthn, ) during the 1970’s than 1990's, and spuri-
These considerations combine to resultin S IS suspended-sediment concentra- oys trends can result from unbalanced data
the greatest soil-erosion rates (from water fion, in milligrams per liter; sets, and (2) spurious “significant” trends
erosion) expected during runoff events in Q is streamflow, in cubic meters per can also result from large numbers of sam-
the spring (before plant growth stabilizes second; ples. No significant temporal trends were
the soils and crop canopy protects soils tis time, in years; observed; therefore, time (t) was removed
from the effects of precipitation) and from the regression analysis for load com-

€ is the error, or residual, which is the
difference between the predicted value
and an individual observation; and

autumn (after harvesting and tillage, when
soils are most disturbed if rainfall is cients @-f in equation 1) were nearly

greater than normal. Conversely, the low- unchanged regardless of which data set
est soil erosion rates are expected during a-g are regression coefficients. (all data or trimmed data set) was used.

putations. The other regression coeffi-

4
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- Figure 2. Suspended sediment relations, Wild Rice River at
Twin Valley, Minnesota, water years 1973-98, (a) suspended-

| sediment concentrations versus streamflow, (curved line repre-
—| sents predicted values, from regression of log,, (sediment con-
| centrations), versus log,, (flow), log,, (flow) squared, and square
root of flow), (b) flow-adjusted suspended sediment concentra-
_| tions (residual from regression described in [a]) versus julian

- date, (curved line is trigonometric function from regression of
log-transformed suspended sediment concentrations versus

- flow and seasonal terms, as described in text), and (c) sus-
pended-sediment load versus streamflow. Curved line repre-

|| sents predicted values from the regression of log,, (sediment

SUSPENDED-SEDIMENT LOAD, AS BASE-10
LOGARITHM OF METRIC TONS PER DAY

. load) versus log,, (flow), log,, (flow) squared, and square root
B of flow. [Concentrations are in milligrams per liter; loads are

-1.0 -05 0.0 05 1.0 15 2.0 25 i . )
in metric tons per day; and streamflow is in cubic meters per
LOG,, STREAMFLOW, IN CUBIC METERS PER SECOND second.]
Sediment loads loads (fig. 2c). Loads were calculated  then summed over themntire year to pro-
using the program Estimator (version duce estimates of annual sediment loads.
A regression equation similar to equa- 96.04 and Estimator2000; written by Tim- Annual loads of suspended sediment (fig.
tion 1 was used to calculate suspended- othy Cohn, U.S. Geological Survey), 3) vary greatly from year to year, as
sediment loads: which uses the minimum variance unbi- expected from the highly variable flow
log;ol = a + blog; Q +c(log;gQ)2 +  ased estimator (MVUE) to correct for conditions.

dQP5+ esine(2t) + fcosine(at) +¢ (2)  back-transformation bias from log space to

linear space (Cohn and others, 1992; Cohn_ "€ mean annual suspended-sediment

where L = suspended-sediment load 514 others. 1989: Helsel and Hirsch load for water years 1973-98, excluding
(the product of measured concentration 1992). ’ ’ ' years for which no flow data exist
and daily mean streamflow, converted to (denoted by “nd” in fig. 3), is 31,500 met-

metric tons per day), and the time term has Regression-predicted loads were cal- ric tons per year at Twin Valley, and
been dropped. This approach produces culated using daily mean flow for each 60,000 metric tons per year at Hendrum.
regression estimates of log-transformed gaging station. Predicted daily loads were Sheet erosion of soil from agricultural
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Figure 3. Estimated annual suspended-sediment loads, Wild Rice River at Twin Valley, Minnesota, and at Hendrum, Minnesota.



fields would have to erode, on average, thecutting of 37—-150 m per century would be inventories change in soil profiles can be
upper 0.022 mm/yr of soil (2.2 mm per  required. Thus, net rates of erosion (total used to assess redibution of surficial
century) to supply the mean sediment load erosion minus redeposition) needed to  soils, and to assess sources of suspended
at Twin Valley, and 0.025 mm/yr (2.5 mm supply the annual sediment loads in the sediment, assuming appropriate end mem-
per century) to supply the mean sediment Wild Rice River are quite small if soil is  bers can be identified.
load at. I—_|gndrum. Th_is estimate results the d_ominam source. Total rates pf bank Sources of isotopes
from dividing the sediment load (t/d) by  erosion required to supply net delivery of 210 _ i
average bulk density (1.2 g/énor 1.2 suspended sediments are very high if one Pb (4,=22.3 yr) is a naturally
metric tons per 11); then dividing by the  assumes that about 90 percent of eroded °CCUrTng isotope, fned in the uranium-
area of agricultural land (drainage area at sediment is redeposited in the channel 238 decay series (Turekian and others,
Twin Valley = 2,405 kiR, 50 percentof  environment. Redeposition of sediments 1977)- Rad|u_m-2262€6Ra), also a mem-
which is agricultural, including cropland  from bank erosion would be minimal for P€r of this series, decays to form radon-
and pasture (Lorenz and Stoner, 1996); fine (<63um) sediments, but could be 222 €?%Rn, ,=3.82 d), a gaseous spe-
- —40 ' : . ies. i 2R from the
drainage area at Hendrum = 4,038%km  substantial for coarser sediments cies. A portion of?Rn escapes

and assuming the same percentage of agri¢>63 pm) earth’s crust and is distributed in the atmo-
sphere, where it quickly decays through a

cultural land as the basin upstream of Twin . . X
Valley, although the western portion of RADIOISOTOPE LEVELS OF series of short-lived isotopes to form

basin is more highly cultivated). SEDIMENTS 2100, 210py js effectively removed from
the atmosphere by wet and dry deposition

A parallel estimate can be developed Background on use of radioisotope  (Baskaran and others, 1993). Because not

if one assumes all suspended sediment in methods all the???Rn escapes the earth’s crust
the river came from streambank erosion. Radioisotope methods offer promise before it decays, a portion of tRE¥Pb
Assuming a mean bank height of 4m, i, 54 erosion and sediment-source stud- Present in the earth’s crust (for example,
channel length of 341 km (the sum of all o5 ang researchesentinue to refine soil and sediment) is formed situas a
channgl lengths in the Wild Rice River appropriate models. Since early studies Product of this decay series. This portion,
Basin fig. 1a), and cut banks occurring by Ritchie and others (Ritchie and termed supporte%ilOPb, has an activity
only on one side of the river, then net bank njcHenry, 1975 Ritchie and others, equal to that of2%Ra, owing to a secular

erosion of 3.7 cm/yr (3.7 m per century) 1974 fallout radioisotopes have been  €quilibrium betweer*Ra and its daugh-
would be required to supply the sediment e ‘increasingly in soil erosion and sedi-ter products. Excess (unsupportédpb
load at Hendrum. That is, entire vertical \nantation studies. Early studies relied IS that portion of1%Pb that is derived from
sections of erodible cut bank would exclusively ont3’Cs, whereas more atmospheric fallout (from decay of atmo-
recede, or erode, by an average of 3.7 (ocently various radioisotopes have been SPheric??Rn gas and subsequent fallout
cm/yr, with no redeposition, to supply the e sometimes in conjunction with other Of the daughter isotope). Subtracting mea-
sediment load. If bank erosion occurring geochemical measurements. sured??’Ra activity from measured (total)
along 25 percent of the river banks, then The basis for the use of falloLt radio. 2100 activity yields exce<2%Pb activity.

iiupr)p/;o(gl.r?ftgllgal E(;fche/ty L é%rklj(;r;igﬁr cen isotopes in sedimeznlt stuilise73 can be sum- d137Csf(t1h/2=30.2 yrl) is formeq asa bi;_

would be required to supply the sediment marized as follows?'Pb,1¥'Cs, and Be pro l-JCt ol fhermonuciear reactions, en

load. are deposited on the earth's surface as ~ Was introduced to the atmosphere prima-
atmospheric fallout at rates that are rily from above-ground nuclear device

Delivery (or yield) of sediment from  thought to be spatially uniform, withina ~ testing. Significant inputs df’Cs into _
large watersheds is known to be a small limited geographic range (similar latitude the atmosphere began in 1954, peaked in
fraction of total erosion (Walling, 1983), and annual precipitation). These isotopes 1963, and afterwards decreased sharply
although that fraction varies widely sorb to soil particles and decay at rates ~ (P€laune and others, 1978; He and others,
among watersheds. Much of the eroded described in terms of half-life,(g), which ~ 1996) due to the atmospheric test ban
sediment is redeposited on the land sur- is the time that it takes for one-half of an treaty. Since 1968, atmogphe+r°t?Cs
face (soils) and in the channel environ-  isotope to decay producing a daughter (iise?posmon has been negligible. Fallout of
ment, including flood plain, point bars,  product. Because decay of these fallout ~ CS resulting from the Chernobyl explo-
and stream-bottom sediments (soils and isotopes is rapid, with respect to geologic Sion of 1986 was mainly limited to
bank materials). Assuming a delivery  time scales, deeperilare essentially Europe (Antonopoulos-Domis and others,
ratio of 0.1 (10 percent of eroded material devoid of fallout isotope activities. The ~1995; Owens and others, 1996; Ritchie
is delivered from the basin as suspended areal input of these isotopes can be mea- @hd McHenry, 1990; Rosén and others,
sediment, and 90 percent is redeposited), sured in soil profiles taken from areas 1998).
which is reasonable for watersheds larger known to be non-erosional and non-depo- Be is a short-lived {},=53.3 d), nat-
than 1,000 krh (Walling, 1983), then total  sitional (other than from the atmosphere). urally occurring isotope produced by cos-
erosion of soils of about 25 mm (2.5 cm, or Comparing areal isotopic inputs to mea- mic ray bombardment of oxygen and
about 1 inch) per century would be sured isotopic inventories in study soil nitrogen in the atmosphere (Lal and oth-
required, whereas total horizontal bank  profiles and understanding how these ers, 1958; Rangarajan and Gopalakrish-
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nan, 1970). Liké1%Pb and®’Cs, Be 1968; Ritchie and McHenry, 1990; Wall- fields) isotopic inventories vary consider-
strongly sorbs to particles in the atmo-  brink and Murray, 1993; Walling and oth- ably depending on whether a specific core
sphere and rapidly falls out to the earth’s ers, 1999), and can act as tracers of erodeds from an erosional or a depositional set-
surface (Todd and others, 1989; and refer-surficial soils. In undisturbed soils, excess ting. Erosional settings generally contain
ences therein). 210%p and'®’Cs activities extend to soil  isotopic inventories less than the reference
The behavior 0f1%Db,137Cs, andBe depths of about 5-40 cm, depending on inventory, because some soil (and soil-
is well documented (reviewed by Ritchie soil conditions, with peak activities typi- bound radioisotope) has been eroded from
and McHenry, 1990; Todd and others, cally in the upper fe@ centimeters (Olsen the site. Depositional settings generally
1996; Wallbrink and Murray, 1993; Wall- and others, 1985; Wallbrink and Murray, ~contain isotopic inventories greater than
ing and others, 1999). Wet deposition is 1993, 1996a; Walling and Quine, 1994;  the reference inventory. Radioisotope
the predominant fallout mechanism, Walling and Woodward, 1992). In con- inventories that are nearly equal to the ref-
although some dry deposition of aerosol- trast,’Be tends to be detected only in the erence inventory indicate little net move-
bound radioisotopes occurs. Rates of fall-upper 1-2 cm of undisturbed soils (Wall- ment of soil—either total movement is
out, therefore, are highly dependant on  brink and Murray, 1993, 1996b); it's rapid minimal, or erosion is balanced by deposi-
precipitation patterns. Deposition rates, decay rate precludes substantial down- tion of soils that were eroded upslope from

and hence areal burdens in soils (invento-ward migration. the core site.

ries), of the longer-lived isotope’'Pb In cultivated settings, plowing evenly Radioisotope study approach
and'3'Cs, are considered to be regionally gistributes?1%b and-"Cs throughout the
uniform because short-term variability in plowed layer, typically the upper 20 cm;
precipitation (deposition) is smoothed  activities rapidly diminish at greater

over time by many precipitation events.  gepths (Walling and Quine, 1994; Walling
Conversely/Be may exhibit considerable and Woodward, 1992)’Be is not long-
spatial variability within a region because |jye(d enough to become homogenized in

Most radioisotope studies of soil ero-
sion and fluvial sediment sources have
been on small watersheds—many at the
scale of a single farm field—allowing
detailed, spatially focused measurements
of radioisotope inventories to assess net

individual precipitéion events are not i
lv di F'b tpd d the isot d _the plqw Iayerfrqm a””“?" ployvmg. Even erosion rates of fields. This study, in con-
evenly distributed, and the isotope decays n cultivated settingsBe is typically . ;
rapidly. detected only at the surface, with highest rast, attempts to describe sediment
' sources on the scale of a 4,038%masin.

Although small amounts of these fall- activities in the upper 1-2 mm.
out isotopes may be taken up by plants and
removed with harvested crops, most of the
deposited isotope remains in the particle
phase. The primary mechanisms by which
isotopic activities are diminished are
assumed to be radioactive decay, dilution
by limited penetration of surficial activi-

Thus our approach was to compare radio-
Radioisotopes have been used exten-isotope activities in suspended sediments
sively to assess upland soil erosion from with those of potential source areas (soil
agricultural settings (reviewed in Ritchie erosion from cultivated land and bank ero-
and McHenry, 1975; Ritchie and sion), by comparing radioisotope invento-
McHenry, 1990; Walling and Quine, 1992, ries from reference cores to soil cores
1994). Long-term fallout of radioisotopes collected along hill slope transects from

fies into the soil column. and erosion of the should be spatially uniform within a selected field sites across the basin (C.J.
| £ " ' region—that is, where latitude and annual McCullough, U.S. Geological Survey,
soitirom a site. precipitation do not vary significantly. written commun., 2001).

The source functions for the three iso- Hence, the inventory of exced¥rp and
topes, with respect to their decay rates, arel37cg in undisturbed soils should be
quite different. 2%Pb depositionis regionally uniform. Herein, inventory is
thought to be relatively constant over time efined as activity per unit area of a soil
(itis naturally replenished in the atmo- column (in mBg/crA), and is determined
sphere via degassing GFRn). The? Opb as the product of activity (mBg/g) and the
inventory is large and the decay rate is dry mass per unit area (g/@nsummed

slow, relative to seasonal variability in - gver the depth of detectable isotope activ-
%b deposition3'Cs can be viewed as ities.

a pulse inputin the early 1960’s. Its inven- ) _ : X . )
tory is decreasing over time, with minute Inventories are useful for comparing tive magnitude of soil erosion versus bank

new inputs. The short half life éBe, is_otopi<_: d_ata for r_eference (undist_u_rbed) erosion in the Wild Ric_e River Basin is
combined with seasonally varying fallout sites W|th|n_ a region.Whereas activity- unknown._ Resuspension of stream-chan-
depth relations may vary somewhat nel deposits may occur, but the source of
dence of soil-boundBe activities. among sites, depending on soil character-channel deposits is presumed to be pre-

. istics, reference inventories should be rel- dominantly eroded sediment from soil or
_Beha_vmr of 210Pb' 137Cs, and 7Be atively uniform within a region. bank material. Soil erosion in grassland,
in soils Reference inventories are typically deter- forest, pasture, and wetlands is negligible.

All three isotopes strongly sorb to soil mined by analyzing radioisotope profiles Within the basin, there is extensive culti-
and suspended-sediment particles (Haw- in several soil cores from undisturbed set-vation, particularly in the central and
ley and others, 1986; Jenne and Wahlberg tings. In disturbed settings (cultivated western portions. Cut banks—as high as

Radioisotope activities of suspended
sediments reflect the weighted average of
the radioisotope levels of sediments from
each type of source area. Two potential
sources of sediment would be expected to
predominate in the Wild Rice River Basin:
eroded soil from cultivated farm land and
eroded streambank sediments. Both
sources are known to occur, but the rela-

rates, results in strong seasonal depen-
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12 m in some reaches—evidencing bank polyethylene bags. The sample locations
erosion are prevalent on the tributaries andwere adjacent to casecollected for radio-
main stem of the Wild Rice River. isotope inventories and soil morphology
Surficial cultivated soils would be (Carolyn McCollough, U.S. Geological

expected to contain measurable quantitiesSurvey, written commun., 2001), which

of exces€1%Pb and3"Cs unless the
inventory at a site has been eroded away the summit, shoulder, backslope, foots-
completely. Bank material is assumed to 10pe, and toeslope when these positions
contain excess!%b and®’Cs only inthe ~ were determinable. Sampling points were

upper 5-40 cm. With that assumption, and determined by observing changes in slope

and surface soil color. All the samples,
bank—an estimateaverage for the except the reference sites, were taken afte
river_then' the isotope activities from harvest and fall tlllage on fields used for

bank erosion would be diluted by a factor Wheat, soybeans, or sugar beets. Refer-
of 10-80 for a vertically eroded banfBe ~ €nce cores were collected for two pur-
activities, contained in the upper 1-2 cm, Poses: (1) to compare with isotopic
would be diluted by a factor of 200-400 inventories determined on soil cores from
for a 4-m cut bank. Suspended sedimentscultivated settings (Carolyn McCullough,
in transport should have isotopic activities U-S. Geological Survey, written commun.,
similar to surficial soils if soils are the ~ 2001), and (2) to be representative of
dominant sediment source; should be potentially erodible bank material. Refer-
highly diluted (likely undetectable) if ence cores were sampled with a truck-
bank erosion is the dominant sediment ~mounted, hydraulic powered Giddings
source; or reflect modest dilution of soil- Probe (model GSRP-S-M), equipped with
bound isotopic activities if the two sources @ 4.44-cm (1.75-inch) diameter, 122-cm

are approximately equal in importance.  1ong coring tube and a 5.1-cm quick relief
Sampling methods bit. Core samples were collected and

stored in Zero-Contamination tubes (Gid-
Bulk quantities (tens of grams) of sus- dings Machine Co., Fort Collins, Colo.)
pended sediment were separated from  with plastic liners. Reference sites were

assuming erosion of a 4-m high cut

stream water via continuous-flow centrif- unused and supposedly undisturbed areas
ugation. Water was pumped from near the of cemeteries in the basin. Reference cores

were located along a hill slope sequence at

layer. Because soil samples were col-
lected after fall tillage, surfac®e activi-
ties may have been diluted by as much as
20-fold (assuming uniform mixing in the
plow layer).

Laboratory analysis of
radioisotopes

Bulk sediment and soil samples were
analyzed for radioisotopes at the Freshwa-
ter Institute, Department of Fisheries and
rOceans, in Winnipeg, Manitoba. Six to
eighteen grams of dried sediment were
sealed in 60 x 15 mm plastic petri dishes,
aged for 30 days, and counted for 48 hours
each on a gamma spectrometer equipped
with Ge (Li) [germanium(lithium)] or
HPGe (hyperpure germanium) coaxial
detectors, for the determination’o¥Cs
and??%Ra (Joshi, 1987) anBe and
potassium-40%PK). Sample activities
were corrected for counting efficiencies,
which were calculated using National
Institute of Standards and Technology
(NIST) standard reference material (SRM)
spiked clay, soil and sediments. Counting
efficiencies were also cross-checked
through participation in the Environmen-
tal Measurements Laboratory Quality
Assurance Program.

One- to three-gram samples of dried

center of the channel from the downstream were assumed to represent bank-sedimengediment were leached withrrmal

side of a bridge, from about 0-0.5 m isotopic levels. In addition, two cores were
below stream surface, with a submersible collected from streambanks using a stain-
centrifugal pump. Water was forced, less steel knife to transfer sediment to
through Tygon tubing, into an Alfa-Laval polypropylene jars. Bank-material cores
MAB-103B centrifuge at a rate of 4 were only analyzed (for two depth incre-
L/min. Near-surdice pump deployment  ments from each core, to confirm that surf-
likely excluded a portion of large-diameter icial and deeper isotopic levels were not
particles (heavier sands), which preferen- anomalous; table 1). Soil coring was con-
tially travel near the streambed-water ducted during the fall, after crops were
interface. Detailed descriptions of a com- harvested. During the fall, soils are typi-
parable Alfa-Laval centrifuge have been cally drier (and thus accessible by truck)
given by Ongley and Thomas (1989) and than during the spring, and this time is
Horowitz and others (1989). Horowitz least disruptive to landowners.
and others (1989) determined that the In cultivated settings, the longer-lived
Alfa-Laval centrifuge recovered 94-99  fa|lout isotopes{'%Pb and!3’Cs) were
percent of inflowing suspended sediment. assumed to be uniformly distributed in the
Following sampling, bulk sediment was  ypper 20 cm, due to mixing from annual
transferred from the centrifuge bowl using plowing. Thus, surface activities are pre-
a stainless steel scraper, into polypropy- sumed to not vary greatly before and after
lene jars (Nalgene). Internal surfaces 3 given year's tillage. In contrast, the
(bowl and discs) were thoroughly cleaned short-lived’Be isotope is concentrated
of sediment between uses, using tap wateryjithin the upper 1 cm (Wallbrink and
Surficial soil samples were collected Murray, 1996b), and decays too rapidly to
by scraping the upper 1 cm of soil into be measurably distributed in the plow
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hydrochloric acid in the presence of an
added polonium-209 tracer. Polonium
was autoplated onto a silver disc (Flynn,
1968), which was then counted for 48
hours on an alpha spectrometer to deter-
mine?%b from its polonium-210 daugh-
ter. 22°Ra was determined by the radon
de-emanation technique (Mathieu, 1977,
Wilkinson, 1985). Excess:%b was
determined in each sample by subtracting
the22%Ra activity from the tota1%Pb
activity. All activities are corrected to the
sampling date.

Radioisotope levels of
sediments

All suspended-sediment samples had
exces£1%b, and nearly always had mea-
surable activities 0f'Cs (table 2). Mean
activities of each isotope were slightly
higher at the downstream site (Hendrum),
and could reflect greater inputs of fine-
grained sediments from the Red River Val-
ley ecoregion. Activities of excess%b



Table 1. Radioisotope activities and inventories from reference cores in the Wild Rice River Basin.

[Raw data, with counting errors, are reported by Carolyn McCullough, U.S. Geological Survey, written commun., 2001.detected; --, not calculated or
measured; (*), sample exceeded holding time&Bw; cm, centimeter; g, gram; mBg, millibecquerel2ceyuare centimeter]

Sample Depth  Dry mass/unit Dry mass/unit Exces<1%Pp 137g Be

identification inc(rcerrr:;ent a_rea(g/cmz) area(g/cmz) activity inventory activity inventory activity  inventory
(increment)  (cumulative)  (mBg/g) (mBg/cn?) (mBa/g)  (mBg/cnd) (mBa/g)  (mBg/cnf)
Core ldentification: Reference Core 5-1, Landstad Church, 47°11'51" North 96°43'57" West

R5-1-2 0-2 1.32 1.32 86.1 113.2 29.5 38.7 31.9 42.0
R5-1-4 2-4 1.80 3.12 45.9 82.7 27.4 49.3 n.d. --
R5-1-6 4-6 1.71 4.83 23.4 40.0 195 33.3 n.d. --
R5-1-8 6-8 1.77 6.60 141 25.1 16.8 29.8 n.d. --
R5-1-10 8-10 241 9.01 105 25.3 11.6 27.8 n.d. --
R5-1-12 10-12 1.89 10.90 7.9 14.9 7.7 145 n.d. --
R5-1-14 12-14 2.17 13.07 n.d. -- 4.7 10.3 n.d. --
R5-1-16 14-16 2.06 15.13 n.d. -- 34 7.1 n.d. -
R5-1-18 16-18 2.17 17.30 n.d. -- 2.0 4.2 n.d. -
R5-1-20 18-20 2.64 19.94 n.d. -- 15 4.0 n.d. -
R5-1-24 20-24 3.76 23.70 n.d. -- n.d. - n.d. -
R5-1-28 24-28 5.06 28.76 n.d. -- n.d. - n.d. -
R5-1-32 28-32 4.00 32.76 n.d. -- n.d. - n.d. -
R5-1-36 32-36 5.48 38.24 n.d. -- n.d. - n.d. -
R5-1-40 36-40 5.30 43.54 n.d. -- n.d. - n.d. -
Cumulative (total) inventory 3011 2191 T 420
Core Ildentification: Reference Core 3-3, Skandinavia Church, 47°15'08" North 96°26'02" West
R3-3-2 0-2 2.29 2.29 32.7 74.8 9.6 21.9 n.d. -
R3-3-4 2-4 1.47 3.76 17.4 25.6 6.2 9.1 n.d. -
R3-3-6 4-6 2.08 5.84 14.1 29.3 104 21.6 n.d. --
R3-3-10 6-10 4.82 10.66 13.2 63.7 8.8 425 n.d. --
R3-3-15 10-15 6.60 17.26 11.9 78.7 7.4 48.6 n.d. --
R3-3-20 15-20 6.41 23.67 12.0 77.1 10.3 65.8 n.d. --
R3-3-25 20-25 6.49 30.16 5.8 37.7 7.6 49.6 n.d. --
R3-3-30 25-30 5.79 35.95 0.6 3.5 6.0 34.9 n.d. --
R3-3-35 30-35 5.46 41.41 n.d. -- n.d. - n.d. -
Cumulative (total) inventory: T 3904 2940
Core Identification: Reference Core 6-2, Bejou, 47°27'06" North 95°59'00" West
R6-2-2 0-2 1.99 1.99 40.1 79.9 5.7 11.3 n.d. --
R6-2-4 2-4 2.25 4.24 19.8 44.5 6.1 13.7 n.d. --
R6-2-6 4-6 2.29 6.53 10.2 23.4 3.7 8.4 n.d. -
R6-2-10 6-10 4.66 11.19 5.4 25.3 3.4 15.8 n.d. --
R6-2-14 10-14 4.97 16.16 n.d. - n.d. - n.d. --
R6-2-18 14-18 5.18 21.34 0.4 2.1 n.d. -- n.d. -
R6-2-22 18-22 5.28 26.62 0.4 2.3 n.d. -- n.d. -
R6-2-26 22-26 4.99 31.61 2.0 10.2 n.d. -- n.d. --
R6-2-30 26-30 5.54 37.15 1.6 8.6 n.d. -- n.d. -
R6-2-34 30-34 5.35 42.50 n.d. -- n.d. -- n.d. -
R6-2-38 34-38 5.26 47.76 n.d. -- n.d. -- n.d. -
Cumulative (total) inventory: 1964 T 493
Core identification: Bank 1, 47°16'54" North 96°06'05"West
Bank 1-10 0-10 - - 77.8 -- 34.4 -- *) --
Bank 1-40 35-40 -- -- n.d. -- n.d. -- *) -

Core identification: Bank 2, 47°17'19" North 96°22'17" West
Bank 2-10 0-10 -- -- 16.3 -- 8.1 -- * --
Bank 2-140 130-140 -- -- 0.17 -- n.d. -- * --
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in stream sediments closely matched thoseabout one-half the mean activity in surfi- suspended-sediment concentration (figs.
of cultivated, surficial soils in the study cial soils from cultivated fields (fig. 4b).  5a and 6a) were not significant (p>0.05).

area (table 3, fig. 4a). There was consider-One sample at each stream site had no 7Be was detected in most suspended-

able overlap in values of suspended versusdetectablé>'Cs activitiy. Correlations sediment samples, which is a strong indi-
soil-bound!®’Cs activities, although between suspended excd¥¥b or'¥’Cs  cation of inputs of recently eroded surfi-
mean suspendé87Cs activities were and streamflow (figs. 5b, 5c¢, 6b, and 6¢) or cial soils (table 1, figs 4c, 5d, and 6d).

Table 2. Radioisotope activities in suspended sediments of the Wild Rice River.
[A, activities inmillibecquerels per gram dry sediment; &, counting error of +/- one standard deviation; -, falling stage; ~, stable stage; +, rising stage; n.d., not detected;
* exceeded holding time for 7 Be; mean values are based on detected values (means with zero substituted for the undetected values are given in parentheses)]

Total?*%b 226Ra exces$1%b 187cs Be 40
Date Stage
A o A ¢) A A ¢) A (¢ A (¢
Wild Rice River at Twin Valley, Minnesota
3-Mar-98 - 28.5 15 19.9 19 8.60 2.87 0.78 n.d. 428 13
26-Mar-98 ~ 50.0 2.2 34.9 4.6 15.1 4.96 18 n.d. 578 17
11-May-98 + 66.7 2.6 26.9 2.7 39.8 5.68 2.2 571 68 976 20
13-May-98 + 29.5 1.6 24.4 1.9 5.02 1.93 1.3 122 23 501 15
14-May-98 + 30.7 15 235 1.9 7.25 6.90 2.3 145 33 501 20
18-May-98 - 32.0 1.6 23.6 2.6 8.43 3.58 1.4 87 29 518 16
19-May-98 - 30.0 1.1 21.6 2.0 8.42 n.d. n.d. 667 13
27-May-98 - 36.6 1.2 28.2 2.1 8.43 431 0.6 42 12 416 12
22-Jun-98 - 29.9 1.1 22.9 3.0 7.07 1.47 0.82 53 11 507 10
25-Jun-98 - 255 0.93 19.8 3.2 5.77 2.35 0.85 88 12 408 12
29-Jun-98 - 28.1 1.0 21.2 1.6 6.94 4.48 0.81 92 10 662 13
2-Jul-98 - 31.9 1.1 26.6 2.0 5.34 2.37 1.3 77 19 500 10
9-Jul-98 + 41.6 1.3 30.5 3.8 111 6.93 1.2 92 8.2 445 13
14-Jul-98 + 80.1 3.2 16.3 15 63.8 11.49 1.3 ™* 285 9
5-Aug-98 - 55.2 3.0 22.2 1.6 33.0 n.d. * 353 7
Mean 15.6 4.56 (3.95) 137 (105) 516
Standard deviation 16.8 2.75 155 164
Mean for falling or stable stream stage 10.7 2.90 (2.60) 73.2(48.8) 504
Mean for rising stage 25.4 6.59 233 541
Wild Rice River at Hendrum, Minnesota
25-Mar-98 ~ 55.8 1.7 34.9 5.0 20.9 5.51 0.88 n.d. 456 14
12-May-98 + 47.7 1.6 28.6 3.6 19.2 2.08 0.56 119 23 837 17
13-May-98 + 46.4 1.6 29.8 25 16.5 9.57 1.9 265 40 565 17
14-May-98 + 45.6 1.6 28.7 3.0 16.8 5.38 0.97 105 19 493 15
18-May-98 + 54.8 1.7 36.6 3.4 18.2 8.82 1.2 194 27 489 15
19-May-98 + 51.6 1.3 28.2 4.8 234 9.33 1.2 174 38 606 18
27-May-98 - 44.9 1.2 334 2.9 11.6 4.35 1.4 43 18 475 14
23-Jun-98 - 38.0 1.2 30.1 3.7 7.9 n.d. 56 20 383 7.7
25-Jun-98 - 50.0 1.3 40.4 4.1 9.6 7.99 0.16 182 18 767 23
30-Jun-98 + 33.2 1.0 25.8 3.7 7.4 3.76 1.5 167 25 637 19
2-Jul-98 - 40.8 1.4 30.5 2.7 10.3 5.02 0.9 111 10 460 14
7-Jul-98 - 46.7 2.3 24.4 2.0 22.3 3.53 1.3 * 428 13
9-Jul-98 + 52.2 2.0 35.0 4.2 17.2 6.80 0.88 240 14 482 14
6-Aug-98 - 43.3 2.2 19.5 1.2 23.8 n.d. * 474 9
Mean 16.1 6.01 (5.15) 151(138) 539
Standard deviation 5.7 2.47 71 131
Mean for falling or stable stream stage 15.2 4.40 (3.80) 98.0(78.4) 492
Mean for rising stage 17.0 6.53 181 587
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Table 3.Radioisotope activities ithe upper 1 cm of cultivated soils of the Wild Rice River Basin, sampled after autumn harvest and

plowing, September-November, 1998.

[A, Activities in millibecquerels per gram dry sediment; o, counting error of +/- one standard deviation; n.d., not detected; mean values are based on detected values
(means with zero substituted for the undetected values are given in parentheses).

Sample Latitude Longitude ;%:L 22%Ra Ez)l(cc)sss 187cs Be 40

identification  (North) (West)

activity o activity o activity  activity o activity o activity o

HO-1-S 47°12'14"  96°06'36" 24.0 0.9 20.6 2.1 3.4 6.9 14 113103 558 11.2
HO-3-S 47°12'14"  96°06'36" 30.3 1.0 22.0 2.0 8.3 11.0 1.2 n.d. n.d489 9.8
HO-5-S 47°12'14"  96°06'36" 47.4 1.4 24.8 2.2 22.5 141 2.1 n.d. n.d746 14.9
KR-1-S 47°05'38" 96°19'27" 22.5 0.9 20.7 2.7 1.7 9.2 1.4 n.d. n.d439 13.2
KR-2-S 47°05'38" 96°19'27" 18.6 0.8 14.9 1.3 3.7 11.0 15 n.d. n.d532 16.0
KR-3-S 47°05'38" 96°19'27" 28.0 1.0 12.9 1.2 15.1 5.0 1.0 n.d. n.d382 7.6
KL-1-S 47°04'54"  96°07'45" 25.4 0.9 28.1 2.8 -2.6 6.1 1.6 n.d. n.d.707 14.1
KL-3-S 47°04'54"  96°07'45" 34.0 1.1 22.2 2.7 11.8 16.3 2.1 n.d. n.de674 20.2
KL-5-S 47°04'54"  96°07'45" 40.7 1.4 24.3 17 16.4 9.5 1.2 n.d. n.d464 9.3
SK-1-S 47°20'27" 96°08'06" 35.6 1.2 18.4 1.1 17.2 10.6 0.8 n.d. n.c423 8.5
SK-2-S 47°20'27" 96°08'06" 31.6 1.1 20.7 2.1 10.9 7.5 1.4 n.d. n.d665 20.0
SK-6-S 47°20'27" 96°08'06" 38.8 1.2 24.1 1.7 14.7 10.5 1.6 n.d. n.d618 12.4
BO-1-S 47°10'45"  96°47'57" 43.8 1.2 30.4 15 135 131 1.0 n.d. n.d749 15.0
BO-3-S 47°10'45"  96°47'57" 44.8 1.4 30.1 1.2 14.7 11.9 0.8 n.d. n.di47 14.9
BU-1-S 47°20'18" 95°59'25" 34.6 1.0 22.9 2.1 11.6 9.3 1.7 n.d. n.d682 20.5
BU-2-S 47°20'18" 95°59'25" 34.4 1.1 215 15 12.9 10.5 1.3 n.d. n.d629 12.6
BU-3-S 47°20'18" 95°59'25" 42.5 15 27.1 1.4 15.4 10.6 11 n.d. n.d753 15.1
GE-1-S 47°10'45"  96°33'43" 39.5 1.6 25.7 15 13.8 10.8 1.2 n.d. n.d705 14.1
GE-2-S 47°10'45" 96°33'43" 36.7 1.1 24.9 15 11.8 12.1 13 n.d. n.cb44 10.9
GE-3-S 47°10'45" 96°33'43" 447 1.2 23.5 1.2 21.2 131 1.0 n.d. n.cb29 10.6

Mean 11.9 10.4 n.d. n.d. 602

Standard deviation 6.3 2.7 n.d. n.d. 121

’Be was not detected in suspended-sedi-
ment samples collected in March. These
samples were analyzed in late July-early
August, about 2.25-2.65 half-lives after
collection, and it is possible that relatively
low ‘Be activities would have decayed to
less-than-detectable activities during that
time. Accordingly,’Be data for March are
not used for analysis of source sediments
The lack of’Be detections (except 1 sam-
ple) in surficial soils collected in the fall
can be explained by the post-tillage collec
tion of soil samples, which likely diluted
surface-accumulatetBe to less-than
detectable levels in all but one sample.

Implications for sediment
sources

To assess the relative contributions of
surficial soils versus streambank sedi-
ments as potential sources of suspended
sediment to the Wild Rice River, certain
assumptions were made. First, radioiso-
tope activities in the upper 1 cm of surfi-

- cial, cultivated soils are representative of
erodible soils. Second, activities of
exces$1%b and®’Cs are approximately

_uniform in the plow layer (upper 20 cm),
implying that the measured activities may
be useful to assess sheet, rill, and minor
gully erosion.’Be, in contrast, is assumed
to be concentrated in the upper few mm,

Radioisotope activities and inventories in and would be greatly diluted by minor
reference soil cores are given in table 3. gully erosion (gullies greater than a few

12

cm depth). Third, bank erosion is
assumed to occur along a vertical plane.
Fallout radioisotopes in bank material are
detected only in the upper portion (table
1), and thus would be diluted by isotope-
free sediment as a vertical section of a cut
bank sloughs into the river. The degree to
which radioisotope inventories would be
diluted is directly related to the height of
the bank. Fourth, suspended isotopic
activities are assumed to be a mixture of
activities found in these potential sources.
This is a simplification because radioiso-
tope activities tend to be higher in fine-
grained sediments (fines) than in coarser
sediments, whereas coarser sediments
would be redeposited more quickly than
fines (and hence not be collected as sus-
pended load). The samples are thus some-
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Figure 4. (a) Excess lead-210, (b) cesium-137, and (c) beryllium-7 activities in suspended-sediment samples from the Wild Rice River
at Twin Valley, Minnesota and at Hendrum, Minnesota; in surficial soils from cultivated fields; and estimated activities contributed
from erosion of streambank material (calculated by diluting reference isotopic inventories with 2 m, 4 m, and 5 m [meters] of bank-
material sediments). (For beryllium-7, note the following: surface-soil samples were collected after fall plowing, thereby diluting
most values to undetectable levels (note 1); one low level activity was detected (note 2); one value from a reference core (upper 2
cm) is shown (note 3). Estimated ranges of beryllium-7 activities are based on literature deposition rates (see text). For surface soils,
steady-state inventories were assumed to be distributed in the upper 1.0 cm (note 4) or upper 0.2 cm (note 5). Dilution of steady-state
inventories by bank-material sediments resulted in estimated beryllium-7 activities of less than 0.34 millibecquerels per gram for all
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Figure 5. (a)Suspended-sediment; (b) excess lead-210; (c) cesium-137; and (d) beryllium-7 verses time, overlain on hydrograph,

for Wild Rice River at Twin Valley, Minnesota, spring-summer 1998.
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Figure 6. (a) Suspended-sediment; (b) excess lead-210; (c) cesium-137;

for Wild Rice River at Hendrum, Minnesota, spring-summer 1998.
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what biased toward fines, relative to neous inventories significantly, perhaps
sediment sources. by a factor of about 2/Be inventories in

To estimate bank contributions of iso- the Wild Rice River Basin are, therefore,
expected to be in éhrange of about 20-80
mBg/cn?, with 40 mBg/crd as a mid-
range estimate.

topic activities, reference inventories are
adjusted for dilutia by an “average”
height of erodible cut banks. Typical
heights of erodible cut banks range from Such inventories would contribute
about 1-12 m, with 4 m being a mid-range ’Be activities of about 40 mBg/g (range of
estimate for the basin. Dividing reference 20-80 mBq/qg), if averaged over the surfi-
isotopic inventories by bank height of 4 m cial 1 cm of soil, assuming a dry-mass
(400 cm), and dividing the result by a bulk density of about 1-1.2 g/érfor surficial
density of 1.2 g/c) yields estimates of  soils. For comparison, Walling and Wood-
the mean activity that bank-eroded sedi- ward (1992, p. 157) detectéBe in the
ment would contribute to the suspended upper 1 cm of soil cores from pasture and
load. Excesé'%b inventories fromthe  cultivated sites in Devon, England, with
three reference cores yield a mean activity activities ranging from about 6-52 mBg/g
of 0.62 mBq/g for a 4-m bank (fig. 4a).  (mean for upper 1 cm ranged from about
For137Cs, only cores 5-1 and 3-3 were  22-33 mBq/g). Walling and others (1999,
used (the activity measured for core 6-2 p. 3868) reported activities of about 21-80
was an outlier), yielding a mean activity of mBg/g for surficial increments (less than 1
0.53 mBqg/g for a 4-m bank (fig. 4b). cm depth) of soil cores in Devon, England.
These values do not change markedly if Wallbrink and Murray (1996b) reported
other reasonable estimates of mean cut- near-surface (0—4 mmiBe activities of
bank heights are used (for example 2 m  about 23-75 mBg/g for soils in Tasmania,
and 5 m; see fig. 4). and about 30-60 mBq/g in bare surficial

A|th0ugh On|y OngBe inventory was soils in Black MOUntain, Australia.
determined (42 mBq/cf‘ncore 5-1, table Because much of the fallo(Be is con-
1), it agrees with reported depositional  tained in the upper few mm of soil, activi-
rates and measured activities in surficial ties in the surface 2 mm (the layer most
soils. Todd and others (1989) reported  readily eroded) are potentially higher than
Be depositional rates of 12.0-12.9 activities averaged over the upper 1 cm.
dpm/cmz/yr in southeastern Virginia, Also, inventories and surficial activities
which convert to steady-state inventoties are likely much higher directly following
(assuming constant inputs, and accountingPrecipitation events.

for decay) of 42.1-45.3 mBg/cror a Averaging’Be inventories over a the-
mean of about 44 mBg/cn oretical 4-m cut bank yields an estimated
Similarly, Baskaran (1995) reported mean’Be activity contributed from bank
annual rates of 12.00-23.62 dpmféyn erosion of about 0.08 mBg/g (range of
in Galveston, Texas, which convert to 0.04-0.16 mBg/g), assuming a dry mass
steady-state inventories of 42.1 (drier density of 1.2 g/crhfor the soil column.
year) to 82.8 (wetter year) mBg/ém A mean bank height of 2 m yields an esti-
mated’Be activity from bank material
equal to only 0.085-0.34 mBq/g, suggest-
ing that suspende®e activities greater
than 1 mBq/g are strongly indicative of
upland soil inputs.

Steady-statéBe inventories should
typically be lower in northwestern Minne-
sota than in Virginia or the Gulf Coast of
Texas, due to lower annual precipitation in
Minnesota. Instantaneous inventories,
however, could be relatively high after
precipitation eventand decay to lower
values during dry periods. Given these
caveats, and comparison to literature data,mates of mean heights of cut banks are
our measuredBe inventory could under- used) are less than levels that can be reli-
estimate or overestimate typical instanta- ably detected. This indicates that if bank-

The estimates of mean activities of
exces€1%p,137Cs, and’Be contributed

from bank material (when reasonable esti-

erosion is the sole, or dominant source of
suspended sediments to the river, then sus-
pended isotopic activities would be unde-
tectable.

A simple mixing model can be
applied to measured suspended isotopic
activities, assuming two sources of sus-
pended sediments: upland soil and stream-
bank. This model is represented
mathematically as:

Asedi = Tsoil Asoili * Thank Abank;
3

whereAgy ; is the activity of isotope
in suspended-sediment samples;

Al j is the mean activity of isotope
in surficial soils from cultivated fields
(exces£1%Ph and'®’Cs are means from
data in table 2’Be is assumed to be 40
mBq/g, as previously described);

Apank 1S the estimated mean activity
of isotope contributed from bank erosion
(assuming dilution of isotopic inventories
with bank material, as described above);

fil IS the fraction of suspended sedi-
ment that originates from soil erosion; and

fhank IS the fraction of suspended sed-
iment that originates from bank erosion.

In equation 3, all quantities are mea-
sured or estimated excefgl; andfyank
The fractions of sediment originating from
different sources must sum to 1. There-
fore, substituting the quantity (i) for
foank the equation can be solved fgy;:

fsoil = (Ased,i = Abank,i) / (Asoili = Apank,
(4)

The quantityf,4 can be solved sim-
ilarly or, as noted abové,, = 1-fg;. It
follows that arfgy value of 1 indicates
that soil erosion contributes all suspended
sediment to the stream, whereadigp,
value of 1 indicates that bank erosion con-
tributes all suspended sediment to the
stream. Values df,; greater than 1 may
result (and, hencé,, values are forced
to negative values) when stream sediment
samples have higher isotopic activities
than the mean values measured (or esti-
mated, for'Be) in surficial soils, which
indicates it is possible that a third source
of suspended sediment (with high isotopic
activities) exists. Because this is consid-

1Steady-state inventory (I) is the total amount of radioisotogenespecific area. | = F/k, where F = fallout rate (in mﬁh@wr), andk = radio-
active-decay rate constant (iri]yr For’Be,k=4.75 yF1 (k = [In(2)/t5), where In is the natural logarithm function agg ts the half life of Be in
years (53.3 d, or 0.1459 yr). The steady-state assumption is an oversimplification, because7inutargfseasonally, and the half life is much less

than 1 yr.
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ered unlikely, for summary purposes Activities of fallout isotopes tend to  a limited time frame and were targeted
(table 4), allf-values that exceed 1 were be greater when stream stages are rising, toward runoff events, when suspended-
set equal to one; accordingly &Walues compared to falling or stable stages (table sediment concentrations tend to be great-
that were less than zero were set equal to2). Accordingly, £,; values (particularly  est. Isotopic activities of suspended sedi-
zero. This adjustment keepsalues for exces$%b and'3'Cs) tend to be ments during base flow, when suspended-
within their physically meaningful greatest during rising stages, whereas  sediment concentrations tend to be low,
domains (0-1), and precludes one or a fewf 4, values tend to be greatest during  are represented by few samples. Also,
extreme values from biasing the mean. falling stages (figs. 7 and 8). This pattern, data collection for this study was focused

Model-estimated values & and although somewhat variable and based ongn determining sources of suspended sed-
foank Vary considerably among sediment limited coverage of a range of flow condi- jments; the data are not useful for inferring
samples collected during spring-summer 110NS: IS consistent with the concept that - the quantity or predominant source of bed-
1998 (fig. 7 and 8). Consistent with the th.e greatest soH—erosmat_es sho.uld OCCUT  |gad sediments. Bedload, typically com-
patterns in activities, the downstream site With large (runoff-producing) rain events, oseq of coarser sediments than
(Hendrum) tended to yield higher values WNereas the greatest bank-erosion rates g ;snended sediments, is thought to be
of fgy (table 4), indicating that a greater should occur when stream_banks may be important in streams draining glacioflu-
fraction of suspended sediment in the more saturated and stage is decreasing. vial sediments. It is possible that bank
downstream portion of the river originates CONCLUSIONS AND LIMITA-  erosion, although not the dominant source

from soil erosion, compared to upstream TIONS OF STUDY of suspended sediments, is an important
of Twin Valley, where bank erosion ONS OF STU contributor to bedload and to channel-
appears to be of greater relative impor- This study provides evidence that forming processes (point bar migration,
tance. upland soil erosion from cultivated fields and so forth.).

Values off; determined from excess contributes the majority of the suspended- .
2195 and’Be tend to indicate predomi- sediment load in the Wild Rice River. Fallout radioisotopes were useful

nantly erosion of surficial soils, whereas 1 herefore, efforts to control or minimize indicators of sediment sources in the Wild
13705 indicated more of a mixed source. Upland soil erosion will likely reduce in- ~ Rice River Basin, and may be useful in

" stream suspended-sediment concentra- Other relatively large basins. Additional
tions. Bank erosion also contributes to the studies may provide a more detailed char-
reason for this disagreement is unknown. Suspended-sediment load, althoddfPb acterization of source areas, and sus-
A possible explanatiois that there are and’Be data indicate that bank erosion is pended ISOtQpIC signatures over a greatgr
upland soil areas that contribute sediment not the dominant source of suspended sedr_ange of basin types and hydrologic condi-
to the stream that have been partially iment. Efforts to minimize bank grosion tions. It may be usefulj fpr example, to.
depleted of3Cs, through erosion, that ~ May he_Ip reduce s_uspended-sedlment_ conassess §uspended rad|0|sptope levels in
are underrepresented in our sampling. ~ ¢éntrations, but might not be as effective contrasting basins—a basin where severe

with bank material being of somewhat
greater importance thawil erosion. The

More actively eroding areas could be dis- &S controlling upland soil erosion. bank erosion is thought to predominate; a
proportionately depleted ¢f’Cs, com- This study applied fallout radioiso- ~ basin where both soil and bank erosion
pared t&1%b andBe, becaust®’Cs was  tope techniques, which have traditionally May be prevalent; and an agricultural
mainly a pulse input in the 1960's, been applied in very small areas such as basin where bank erosion is minimal. Sus-
whereag'%b and'Be inputs are rela-  single farm fields, to a larger basin (4,038 pended radioisotope levels would be
tively constant over time. This discrep- km?). Accordingly, sampling was distrib- expected to increasong such a gradient;
ancy highlights the importance of uted over a large area, and source-soils such data may confirm the utility of the

obtaining multiple indicators of sediment were not characterized in great spatial ~ method for determining sediment sources
sources, rather than relying on a single  detail. Suspended sediments sampled forin streams where the dominant source is in
indicator. radioisotope analysis were collected over doubt.

Table 4. Fraction of suspended sediment originating from soil erdgipn &s determined from excess lead-210, cesium-137, and

beryllium-7 activities in sediments and source areas (surficial cultivated soils and bank material).

[Values offp4n are equal to Igy.; f-values of zero result when the isotope was not detected (n.d.) in a s&wallees greater than 1 (or less than zero) were setto 1
(or zero); the quantitfs,j mean is calculated from mediy; values for each isotope.]

Twin Valley Hendrum
Minimum Mean Maximum Minimum Mean Maximum
fsoil Pb-210 0.39 0.71 1.0 0.60 0.92 1.0
fsoil cs-137 0(n.d.) 0.34 1.0 0(n.d.) 0.47 0.91
fsoil Be-7 0 (n.d.) 0.91 1.0 1.0 1.0 1.0
fsoil, meak@ll isotopes) 0.65 0.80
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Figure 7. Model estimates of the fraction of suspended-sediment in the Wild Rice River at Twin Valley, Minnesota, that originates from
erosion of surficial cultivated soils and by vertical erosion of streambank material, determined from (a) excess lead-210; (b) cesium-137,
and (c) beryllium-7, (For bank sources, the model assumes dilution of reference activities by 4 meters of bank-material sediments), and
(d) stream hydrograph.
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Figure 8. Model estimates of the fraction of suspended-sediment in the Wild Rice River at Hendrum, Minnesota, that originates from
erosion of surficial cultivated soils and by vertical erosion of streambank material, determined from (a) excess lead-210; (b) cesium-137,
and (c) beryllium-7. (For bank sources, the model assumes dilution of reference activities by 4 meters of bank-material sediments.), and
(d) stream hydrograph.
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SUMMARY suspended load. In both cases, net erosion is thought to be a small
percentage of total erosion, due to redeposition in the upland (soil

Sedimentation is a significant resource concern in the Red only) and riparian (soil and bank sediments) environments.
River of the North Basin (RRB). The Wild Rice River, a tributary

to the Red River of the North, and its drainage basin were studied ~Activities of the fallout radioisotopes®b, 3’Cs, and'Be

to assess sediment concentratjdoads, and potential sources of were measured in samples of suspended and source-area (soil, ref-
suspended sediment. We examined historical suspended-sedimenence, and bank material) sediments during spring-summer 1998.
data and activities of fallout radioisotopes (lead-ZHHb], The fallout radioisotopes were nearly always detectable in sus-
cesium-137137Cs], and beryllium-77Be]) associated with sus- pended sediments during spring-summer 1998. M&®b and
pended sediments and source-area sediments (cultivated soils,’Be activities in suspended sediment and surficial, cultivated soils
bank material, and reference soils) in the Wild Rice River Basin tavere similar, perhaps indicating little dilution of suspended sedi-
better understand sources of suspended sediment to streams in tent from low-isotopic-activity bank sediments. In contrast,
region. mean 137Cs activities in suspended sediment indicated a mixture

Multiple linear regression analysis of suspended sediment of sediment originating from eroded soils and from eroded bank
concentrations measured from 3988 (Wild Rice River at Twin ~Material, with bank material being a somewhat more important
Valley, Minn.) exhibit the following: strong dependence on source upstream of Twin Valley, Minnesota; and approximately
streamflow; limited seasonal dependence, with flow-adjusted €qual fractions of bank material and surficial soils contributing to
concentrations slightly higher in the spring than summer-autumrfhe suspended load downstream at Hendrum, Minnesota. In gen-
and no significant temporal trend. Suspended-sediment load egral, > %Pb and’Be data indicated that suspended sediments orig-
mates were developed for the Wild Rice River at Twin Valley, inate primarily from uplad soil erosion, whered$'Cs data
Minn. and at Hendrum, Minn., based on 913 and 35 samples, indicated a mixed source, witttreambank sediments slightly
respectively. The mean loads for 20 years of data (1973-84; more important. Application of fallout radioisotopes appears to
1989-98) were 31,500 and 60,000 metric tons per year, respecbe a useful tool to resolve ambiguity in cases where the dominant
tively, for the two sites. Relatively low net rates of upland soil source of sediments—upland soil erosion or stream-bank ero-
erosion (about 2.2-2.5 millimeters [mm] of soil per century) couldsion—is unknown, and both sourca®e thought to contribute.
support these suspended loads; similarly, moderately high rates ©his study indicates that, to bfective, efforts to reduce sedi-
net stream-bank erosion (about 3.7-15 meters per century of hanent loading to the Wild Rice River should include measures to
izontal erosion of vertical ciitank) could account for the entire  control soil erosion from cultivated fields.

Cohn, T.A,, DelLong, L.L., Gilroy, E.J., Investigations, book 3, chap. C2,
Hirsch, R.M., and Wells, D.K., 1989, 59 p.
Estimating constituent loads: Water  Hawley, N., Robbins, J.A., and Eadie,
Resources Research, v. 25, no. 5, p. B.J., 1986, The partitioning of
937-942. "Beryllium in fresh water: Geochim-
fusion-advection model: Health Colby, B.R., 1963, Fluvial sediment_s—A ica et Cosmochimica Acta, v. 50, p.
Physics Society, v. 69 'no 6, p. 949— summary of source, transportation, . 1127-1131.
953 Vo TE e deposition, and measurement of sedi-He, Q., Walling, D.E., and Owens, P.N.,
' ment discharge: U.S. Geological Sur- 1996, Interpreting th&*’Cs profiles
vey Bulletin 1181-A, 47 p. observed in several small lakes and
Delaune, R.D., Patrick, W.H., Jr., and reservoirs in southern England:
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